Undesired complement activation is a major cause of tissue injury in various pathological conditions and contributes to several immune complex diseases. Compstatin, a 13-residue peptide, is an effective inhibitor of the activation of complement component C3 and thus blocks a central and crucial step in the complement cascade. The precise binding site on C3, the structure in the bound form, and the exact mode of action of compstatin are unknown. Here we present the crystal structure of compstatin in complex with C3c, a major proteolytic fragment of C3. The structure reveals that the compstatin-binding site is formed by the macroglobulin (MG) domains 4 and 5. This binding site is part of the structurally stable MG-ring formed by domains MG 1-6 and is far away from any other known binding site on C3. Compstatin does not alter the conformation of C3c, whereas compstatin itself undergoes a large conformational change upon binding. We propose a model in which compstatin sterically hinders the access of the substrate C3 to the convertase complexes, thus blocking complement activation and amplification. These insights are instrumental for further development of compstatin as a potential therapeutic.
The complement system is a key part of the innate and adaptive immune system and plays a major role in homeostasis by clearing altered host cells and invading pathogens (1, 2) . Inappropriate activation of the complement system leads to tissue injury, causing or aggravating various pathological conditions, such as autoimmune diseases, burn injuries, Alzheimer disease, stroke, and heart attack (reviewed in Ref. 3) . Several complement inhibitors are under development, targeting various steps in the complement activation pathways. None of these compounds have been approved for clinical use yet (3) (4) (5) . We studied a 13-residue cyclic peptide, called compstatin, which inhibits complement response by preventing the proteolytic activation of C3 3 (6) . Activation of C3 by the C3 convertases is a central amplification step in complement activation. All three recognition and initiation pathways, the classical, lectin, and alternative pathways, converge in the activation of C3. Proteolytic activation of C3 yields C3b, which covalently binds to pathogenic or self surfaces, providing a strong signal for clearance of the tagged particles. Because compstatin blocks this critical step of complement activation and because it is a small non-immunogenic peptide, compstatin has the potential to be developed into a therapeutic agent.
Compstatin (ICVVQDWGHHRCT-NH 2 , circularized by disulfide bond Cys-2-Cys-12) was discovered by a phage-display, random peptide library search (6) . Compstatin has been shown to be an effective inhibitor of complement activation in several clinically relevant models (reviewed in Ref. 5 ). For example, compstatin was shown to prolong the survival of kidneys in an ex vivo xenograft model (7) , inhibited complement activation during the contact of whole blood with biomaterial in a model of extracorporeal circulation (8) , and inhibited in vivo complement activation in a non-human primate model of heparin-protamine complex-induced inflammation resembling heart surgery (9) . Compstatin displayed an inhibitory activity of IC 50 ϭ 12 M. In solution, compstatin forms a ␤-turn at residues Gln-5-Gly-8 with the disulfide bridge Cys-2-Cys-12, residues Ile-1-Val-4, and Thr-13, forming a hydrophobic cluster (10, 11) . Mutational studies showed that the polar ␤-turn and the hydrophobic cluster are essential for the inhibitory activity of compstatin (10 -13) . Both main-chain and sidechain atoms of compstatin are thought to be involved in interaction with C3 (14) . Recently, an analogue of compstatin with 45-fold higher potency was identified, which contained an acetylated N terminus and amino acid substitutions V4W and H9A (Ac-ICVWQDWGAHRCT-NH 2 ) (15, 16) . These compounds bind C3 (K d of 1.3 and 0.14 M for natural compstatin with an acetylated N terminus and the V4W/H9A analogue, respectively (15) ) and its derived products C3(H 2 O), C3b, and C3c (6, 14) . Soulika et al. (17) showed that the binding site resides in the 40-kDa C-terminal part of the ␤-chain that is common to these proteins. Overall, these and other studies have lead to a model in which compstatin inhibits complement activation by blocking binding of C3 to the C3 convertases, either through inducing a conformational change in C3 or through causing steric hindrance when bound to C3 (11, 17) .
In the last two years, a wealth of structural data on C3 has become available (18 -22) . C3 is a two-chain molecule consisting of a ␤-(residues 1-645) and an ␣-chain (residues 650 -1641) of 75 and 110 kDa, respectively, that are arranged in 13 domains (18) . Activation of C3 occurs by cleavage of the scissile bond Arg-726 -Ser-727, generating C3a (9 kDa) and C3b (176 kDa) (23) . The transformation of C3 into C3b induces large conformational changes in the ␣-chain (19, 21) . In contrast, the ␤-chain is overall structurally stable. The only exception is the MG3 domain, which is part of the MG-ring, of the ␤-chain, which shows a reorientation up to 15°when changing from C3 to C3b and C3c (18, 19, 21) . The 40-kDa C-terminal fragment, identified by Soulika et al. (17) , forms part of MG3 and complete MG4, MG5, MG6
␤ , and the linker domain (18) . Thus, compstatin likely binds to the structurally stable part of C3.
We determined the crystal structure of compstatin in complex with C3c to 2.4-Å resolution. We used C3c instead of C3 in these studies because C3c crystallizes more readily than C3 and crystals of C3c diffract to a higher resolution than those of C3. The resulting structure of the C3c-compstatin complex reveals an unexpected binding site and an unexpected conformation of compstatin. Nonetheless, the structure is in agreement with prior observations on the activity of compstatin and its derivatives and explains the species specificity. Using the available structural data, we propose a model for the inhibitory activity of compstatin in blocking substrate C3 binding to C3 convertases.
EXPERIMENTAL PROCEDURES
Protein Purification and Peptide Synthesis-C3c was purified as described previously (18) . In brief, C3c from outdated human plasma (stored for several weeks at 4°C) was purified by polyethylene glycol precipitation, anion-exchange chromatography (DEAE-Sephacel), cation-exchange chromatography (CMSephadex C50), and size-exclusion chromatography (Sephacryl 300). C3c was concentrated to 20 mg ml Ϫ1 and dialyzed against 10 mM Tris, pH 7.4, 2 mM EDTA, and 2 mM benzamidine. For crystallization purposes, the glycan moiety on Asn-917 was cleaved off with N-glycosidase F. The improved compstatin analogue (Ac-ICVWQDWGAHRCT-NH 2 ) displaying 45-fold higher activity when compared with the parent peptide was synthesized and purified as described previously (16) and lyophilized for storage. Prior to crystallization, C3c at 20 mg/ml (0.148 mM) in 10 mM Tris, pH 7.4, 2 mM EDTA, and 2 mM benzamidine was mixed with lyophilized compstatin to a final concentration of 4.8 mg/ml (3.0 mM).
Crystallization and Data Collection-C3c-compstatin was crystallized in hanging drops from mother liquor containing Table 1 ).
Structure Determination-C3c-compstatin was solved by molecular replacement with Phaser (25) . First C3c (Protein Data Bank code 2A74) (18) without the C345c domain was placed. Second the C345c domain of C3c was placed using Coot (26) , and its position was refined by Phaser. Subsequently, all domains were refined by rigid body refinement in Phaser to account for small domain rotations and translations. Compstatin and C3c were finalized by several rounds of model building in Coot and refinement in REFMAC (24) to R and R free values of 21.3% and 28.1% (Table 1) . The final refined model contained 1107 residues for C3c molecule 1 (chains A, B, and C) and 1113 residues for C3c molecule 2 (chains D, E, and F). Both compstatin molecules were completely built. All molecular graphics figures were generated with PyMOL (DeLano Scientific LLC).
RESULTS

Structure of the C3c-Compstatin
Complex-Here we present the structure of compstatin in complex with C3c. C3c was cocrystallized with the Ac-V4W/H9A-NH 2 analogue (Ac-ICVWQDWGAHRCT-NH 2 ) of compstatin (16), hereafter referred to as compstatin. Crystals diffracted to 2.4-Å resolution and displayed space group P2 1 . Two complexes of C3c-compstatin are present in the asymmetric unit. Complex formation agrees with the 1:1 stoichiometry determined by surface-plasmon resonance (14) . The overall structures of the independent C3c-compstatin complexes are very similar. Dif- ferences are observed in the orientation of some domains (see supplemental Table Ia ). The differences, which are the largest for C345c, MG8, MG7, and MG3 (in decreasing order), correspond with observed variations for these domains in other structures of C3 and its fragments (18, 19, 21) . The structure of the C3c-compstatin complex reveals that compstatin binds between domains MG4 and MG5 (Fig. 1) . The MG4 and MG5 domains are part of the 40-kDa C-terminal fragment of the ␤-chain; thus, the observed binding site is in agreement with prior biochemical data (17) . The ␤-sheets ␤A-␤B-␤E of MG4 and ␤A-␤B-␤E of MG5 form a shallow groove. Compstatin binds to the lower end of this groove. Thus, compstatin binds C3c at the bottom end of the MG-ring, far away from the ␣-chain.
Structure of Compstatin-Compstatin bound to C3c differs markedly in conformation from that of free compstatin (10, 16) (Fig. 1, D and E) . In complex with C3c, compstatin is folded in a conformation with a ␤-turn formed by residues 8 -11. The N and C termini point outwards and are outside of the main loop formed by residues 2-10, which is covalently closed by the disulfide bond between Cys-2 and Cys-12. Between the two complexes in the asymmetric unit, compstatin differs only in the orientation of Ile-1 and the acetylated N terminus and Arg-11 (supplemental Fig. 1 ). This conformation of compstatin differs from those present in the NMR ensemble of free compstatin (10, 16) . Free compstatin has a ␤-turn at residues 5-8, whereas in bound compstatin, a ␤-turn at residues 8 -11 is observed. The side-chain interactions between residues 3, 4, and 7 required for conformational stability of free compstatin (10, 16) are absent in bound compstatin. In contrast, residues Val-3, Trp-4, and Trp-7 are involved in hydrophobic interactions with C3c in bound compstatin. Furthermore, Trp-4 and Trp-7 in bound compstatin do not show -stacking interactions (16); instead, Trp-4 is involved in CH/ and sulfur-aromatic interactions with Cys-12 when bound to C3c. The root mean square (r.m.s.) deviation between free and bound compstatin after superpositioning is 3.7 Å for all 13 C␣s and 4.9 Å for all (101, non-hydrogen) atoms (27) . These data show clearly that compstatin undergoes a dramatic conformational rearrangement upon binding to C3c.
Structure of C3c-The structure of C3c in complex with compstatin reveals the same overall domain arrangement of 10 domains as observed for free C3c (18) . For most domains, we observe small variations in domain orientation among the two structures of C3c-compstatin and the two structures of free C3c in the asymmetric unit (see supplemental Table Ib) . Large differences are observed for C345c (up to 15.4°rotation) and MG8 (up to 8.3°rotation). These differences reflect the flexibility of the C3c molecule. Differences in domain orientation of MG4 and MG5 within C3c range from 2.4 to 3.6°and 1.4 to 1.9°, respectively. The relative orientations between MG4 and MG5 differ by only 4.2°among these structures of C3c. These data indicate that compstatin does not affect the overall domain arrangement of C3c.
Compstatin-C3c Interactions-Compstatin interacts extensively with C3c. One side of the compstatin-loop structure faces C3c, and one side faces the solvent with residues 2-9 alternating inside and outside. Residues 11-13 extend outward away from C3c. In total, 40% of the molecular surface of compstatin is buried in the complex, resulting in 1120 Å 2 buried surface area of the complex. The interface of compstatin with C3c is characterized by both hydrophobic and hydrophilic interactions (see supplemental Table II) . Notably, Val-3 and the Trp-7 of compstatin are buried in hydrophobic pockets formed by C3c residues Met-346, Pro-347, Leu-454, Arg-456 and Leu-455, Arg-456, Arg-459, and Glu-462, respectively (Figs. 1C and 2A) . A hydrogen-bonding network between both backbone and sidechain atoms of C3c and compstatin further stabilize the interaction (supplemental Table IIa and Fig. 2B ). A small difference in bound waters is observed in the interface of compstatin with C3c between the two complexes in the asymmetric unit. In one complex (chains A, B, and C for C3c and chain G for compstatin in the deposited Protein Data Bank file), we observe no bound water molecule, whereas in the other complex (chains D, E, and F and chain H, respectively), we observe two water molecules mediating hydrogen bonding between compstatin and C3c. The water molecules mediate interactions between compstatin Gln-5 and C3c Asp-491 and the backbone carbonyl oxygens of FIGURE 2. Interactions between C3c and compstatin. C3c is colored gray, and compstatin is colored as in Fig. 1A . A, residues involved in van der Waals contact, observed in both complexes within the asymmetric unit of the crystal, are shown in stick representation. B, hydrogen bonds between C3c and compstatin and within compstatin itself, observed in both complexes within the asymmetric unit, are shown by yellow dotted lines. See supplemental Table II for all observed contacts between C3c and compstatin.
compstatin Cys-2 and C3c Thr-391. This small difference in bound waters possibly reflects flexibility and small differences in crystal packing in the vicinity of the compstatin-binding site. Alternatively, we possibly have not observed all bound water molecules due to the limited resolution of 2.4 Å. For both complexes, we observe a bromide ion bound in the interface. This ion forms hydrogen bonds with the backbone nitrogen of compstatin Asp-6 and backbone nitrogen of C3c Arg-459. The crystallization solution contained 200 mM KBr, whereas the cryo-protectant contained 500 mM KBr. Possibly, the stabilizing role of bromide is replaced by a water molecule in conditions without bromide present.
Comparison of C3c-Compstatin with C3-Several structures of C3 and its fragments C3b and C3c are now available (18, 19, 21) . Comparison of the medium with high resolution structures of C3, C3c, C3c-CRIg, and C3c-compstatin shows that the MG4-MG5 domain orientation is conserved (Fig. 3) . Difference in orientations of other domains, notably C345c, MG8, MG7, and MG3, can be attributed to inherent flexibility of the molecule. However, we observe significant differences in the compstatin-binding site. The loop ␤E-␤F of MG4 and positions of amino acid side chains differ up to 4.6 Å between C3c-compstatin and free C3c (Fig. 3A) . Surprisingly, the positions of the side chains in the C3c-compstatin complex resemble more free C3 than free C3c; see, for example, the positions of Asn-390, His-392, and Pro-393 of loop ␤E-␤F and Pro-347 and Arg-456 in Fig. 3A (see r.m.s. deviation values in supplemental Table Ic ). These differences between C3, C3c-compstatin, and C3c may explain the higher affinity of compstatin for C3 (K d of 0.14 M) than for C3c (K d of 0.39 M)
4 (14, 15) . Overall, we may conclude that compstatin binding does not induce large rearrangements in C3c, but minor, local induced effects are present in the vicinity of the compstatin-binding site.
DISCUSSION
Compstatin Binding to C3-The crystal structure of the C3c-compstatin complex reveals that compstatin binds C3c between domains MG4 and MG5 of the ␤-chain. Compstatin undergoes a large conformational change upon binding to C3c. In contrast, C3c does not undergo large changes upon complex formation. The conformation of the compstatin-binding site in C3c is structurally very similar to that observed in the structure of uncomplexed C3.
The observed compstatin-binding site is supported by biochemical data. Recently, the compstatinbinding site was found to reside on the 40-kDa C-terminal region of the ␤-chain of C3 (17) . Both domains MG4 and MG5 are part of this region. Compstatin displays species specificity; it binds only to primate C3 and not to C3 from lower mammalian species (28) . Residues Gly-345, His-392, Pro-393, Leu-454, and Arg-459 are all extensively involved in interactions with compstatin, as determined by the crystal structure. These residues are conserved in primate C3, whereas they all differ in other mammals (see supplemental Fig. 2 ). These different amino acid residues would yield steric hindrance or lead to loss of specific interactions, and, thus explain the species specificity observed for compstatin.
The structure of compstatin in the C3c-compstatin complex differs markedly from the structure of compstatin in solution. Previous activity data from mutational studies, however, are in agreement with the observed C3c-compstatin complex. These studies indicated that the disulfide bridge, residues in the ␤-turn (residues 5-8), and some residues in the hydrophobic cluster at the linked termini (residues 1-4 and 12-13) were essential for binding to C3 (10, 13, 14) . Both main-chain and side-chain atoms were proposed to be directly involved in binding to C3 (11, 14, 28) . More specifically, hydrophobic residues Val-3 and Trp-7 were shown to be essential for activity. The indole amide of Trp-7 was proposed to be involved in hydrogen bonding with C3 (10, 11, 29) ; in contrast, the indole amide of Trp-4 was not (29) . In our crystal structure, both main-chain and side-chain atoms contribute to the compstatin-C3c interactions, residues 2 and 3 of the hydrophobic cluster are involved in hydrophobic interaction with C3c, Val-3 and Trp-7 have extensive hydrophobic interactions with C3c, and the amide indole of Trp-7 forms a hydrogen bond with the main-chain oxygen of Met-457 (see also supplemental Table II) (18), and C3 (green) (18) superposed using domain MG4 and MG5 (24) . Compstatin is omitted for clarity. Residues involved in compstatin binding are shown in stick representation and are numbered. In the compstatin-binding site, free C3 resembles the C3c-compstatin complex more than free C3c. B, C3c-compstatin superposed onto C3 on the basis of MG1, MG2, and MG4-MG6 of the MG-ring (24) . C3c (gray) and C3 (␤-chain, green, and ␣-chain, purple) are shown in ribbon representation, and compstatin (wheat) is shown in surface representation. The MG4-MG5 domain orientation is conserved between C3c-compstatin and C3; therefore, compstatin binds C3 without affecting large structural changes.
C3c. Thus, many of the previously proposed interactions are in agreement with the structure of the C3c-compstatin complex.
Isothermal titration calorimetry experiments indicated that the C3-compstatin binding is an enthalpy-driven process (15) . It was proposed that the unfavorable entropy could arise from binding water molecules at the interface or could be due to conformational changes in C3 and/or compstatin (15) . We observe large structural differences between free and bound compstatin. In contrast, only small structural differences are observed in the compstatin-binding site region between structures of C3, C3c (18) , and C3c-compstatin (Fig. 3) . We observe very few water molecules mediating the interactions between compstatin and C3c; this fits with the tight packing and the amount of hydrophobic interactions observed in the complex. Therefore, we conclude that the observed unfavorable entropy of complex formation arises mostly from the conformational change that compstatin undergoes upon binding to C3.
Compstatin's Mode of Action-Two possible mechanisms for complement inhibition by compstatin have been proposed; compstatin either (i) sterically hinders binding of C3 to the convertase or (ii) induces conformational changes in C3, preventing binding of C3 to the convertase. Our data clearly show that the binding site of compstatin lies far away from any other known binding site on C3 or its proteolytic fragments (30) and that compstatin binds C3 without effecting large structural changes. These data are consistent with the observation that compstatin does not interfere with the formation of the C3 convertase or with the function of any of the complement regulatory proteins (6) . In addition, binding of compstatin to C3 does not increase protease sensitivity (6) , in contrast to bacterial protein extracellular fibrinogen-binding protein (Efb-C), which affects protease sensitivity by changing the conformation of C3 (31) . The effect observed by surface plasmon resonance and isothermal titration calorimetry suggested that conformational changes play an important role in compstatin-C3 binding (14, 15) . We argue that the marked conformational change of compstatin suffices to explain the surface plasmon resonance and isothermal titration calorimetry results. We therefore conclude that compstatin does not act by changing the conformation of C3 but likely acts through sterically hindering the binding of C3 to the convertase.
How does compstatin sterically hinder C3 binding to the convertases? Most binding sites for interacting proteins have been mapped to the ␣-chain of C3 (30) . The exception is the recently identified complement receptor CRIg, which also inhibits convertase activity (21) . Crystal structures revealed that CRIg binds C3b and C3c predominantly at domains MG3 and MG6 of the ␤-chain (21) . Compstatin binds C3 between domains MG4 and MG5. These two binding sites of CRIg and compstatin are Ͼ20 Å apart but lie on the same face of the MG-ring of the ␤-chain. Interestingly, in the crystal of C3b, we observe a C3b-C3b crystallographic symmetry-related contact site formed by the same face of the MG-ring (Fig. 4A) (19) . We hypothesize that this MG-ring interaction face may indicate a major exosite in substrate binding forming the C3-C3bBb substrate-enzyme complex. Both CRIg and compstatin would sterically hinder the formation of this interface of the substrateenzyme complex, and thus, explain the inhibitory activity of both molecules (Fig. 4B) . Compstatin may also bind the enzyme complex, C3bBb (6). In our back-to-back model of the MG-ring interaction in C3-C3bBb substrate-enzyme complex, compstatin might inhibit the interaction both ways, either through binding the substrate or through binding the enzyme complex. This additional mechanism may explain the higher inhibitory activity of compstatin in the alternative pathway when compared with the classical pathway (6, 12) . In the classical pathway, compstatin can only bind to C3 and not to the convertase C4bC2a (28) , whereas in the alternative pathway, compstatin can bind both the substrate C3 and the convertase C3bBb, thus possibly acting in a dual way. Thus, based on an interaction surface observed in C3b crystals and the interaction sites of compstatin and CRIg, we propose a model for C3 binding to the convertase. This model explains how a small peptide inhibitor, compstatin, has the same inhibitory effect as the large protein receptor CRIg. We have identified that the potential therapeutic compstatin binds C3 on a shallow groove between two domains of the ␤-chain. Most drug design projects target well defined pockets in proteins for binding low molecular weight inhibitors to achieve high binding affinity and specificity. Remarkably, compstatin binds on a rather flat surface of the C3c molecule. Nevertheless, it has been possible to improve the specific activity by structure-activity studies and experimental and theoretical combinatorial approaches (reviewed in Ref. 32 ). The structure of the complex between C3c and compstatin provides crucial information on the bound conformation of compstatin and the binding site on C3. These data provide new impetus to develop improved and less costly non-peptide inhibitors, for example, by developing molecules that structurally mimic the bound form of compstatin. The detailed knowledge of the binding site provides the possibility to develop a mouse model by conservatively "humanizing" mouse C3 to enable in vivo testing of complement inhibition of compstatin and derivatives in various complement disease models. Finally, the current data indicate a potential role for the large MG-ring of the ␤-chain in substrate binding to the convertase. 
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